A global blocking climatology published by this group for events that occurred during the late 20th century examined a comprehensive list of characteristics that included block intensity (BI). In addition to confirming the results of other published climatologies, they found that Northern Hemisphere (NH) blocking events were stronger than Southern Hemisphere (SH) blocks and winter events are stronger than summer events in both hemispheres. This work also examined the interannual variability of blocking as related to El Niño and Southern Oscillation (ENSO). Since the late 20th century, there is evidence that the occurrence of blocking has increased globally. A comparison of blocking characteristics since 1998 (1998 2000 shows that the number of blocking events and their duration have increased significantly in both hemispheres. The blocking BI has decreased by about six percent in the NH, but there was little change in the BI for the SH events. Additionally, there is little or no change in the primary genesis regions of blocking. An examination of variability related to ENSO reveals that the NH interannual-scale variations found in the earlier work has reversed in the early 21st century. This could either be the result of interdecadal variability or a change in the climate. Interdecadal variations are examined as well.
Introduction
Many recent studies have examined the climatological behavior of blocking in both the Northern (NH) and Southern Hemispheres (SH) in the later part of the 20th century using a variety of blocking criteria [1] [2] [3] [4] [5] [6] [7] [8] [9] . Among the common findings in the NH are that blocking events are more frequent and persistent during the cold season, and that there are three preferred blocking sectors over the Pacific and Atlantic ocean regions and the Eurasian region at the end of the NH storm tracks [1, 10] . In the SH, the Pacific Ocean region is the predominant sector for blocking, with occurrences similar to those of the NH Pacific [1] . The work of Burkhardt et al. [11] demonstrated that in the SH, the dynamic synoptic and planetary interactions between upstream cyclones and large-scale ridges are weaker especially within the Atlantic and Indian Ocean sectors. This accounts for the relative dearth of blocking that occurs in the SH as a whole.
The studies of [1, 5] and [7] examine a long list of blocking characteristics including the number of events, days, duration, intensity, and location at onset. Most other climatologies use only the occurrence, day, and/or durations of blocking events. These studies found that NH blocking was more intense during the boreal cold season than during the warm season using the blocking intensity (BI) index of [1] . Only [1] has examined the intensity of SH blocking and found that the seasonal variation in BI is the same as that in the NH even though SH blocking is weaker overall.
Many studies have suggested that the occurrence of blocking varies interannually in association with El Niño and Southern Oscillation (ENSO) showing inconsistent results. The work of [1] showed that in the NH blocking occurred more often during La Niña years and was more persistent and intense. This association was found in each region and season. The climatology of [1] examined events from mid-1968 to mid-1998. Then [5] using a 55-year climatology suggested that there was little ENSO variability except in NH block intensity. In [5] , blocking was more intense during La Niña years. In the SH, [1] demonstrated than blocking occurred more frequently during El Niño years, and also these events were more persistent and stronger. A 53-year SH study [12] of winter events also showed blocking was more frequent and associated with more blocking days during El Niño years. However, it should be noted here that [12] considered blocking events to persist for at least three days rather than the five days found in most studies.
Many of these studies also suggested that there were long-term trends or interdecadal variability in block occurrences. In the SH [1] demonstrated that there was a strong decrease in the occurrence and duration of blocking during the late 20th century, and this trend was consistent with that of other researchers (e.g., [13] ). However, the longer-term climatology of [12] found no statistically significant trend in the SH overall, even though there were regional increases across most of the SH. In the NH [1] and [5] show mixed results in the long-term trend of NH blocking occurrence depending on the region and season. Then, [5] showed that there were interdecadal variations in NH blocking occurrences related to such teleconnections as the North Atlantic Oscillation (NAO) or the West Pacific (WP) pattern (see [14] ).
Some [6] [7] [8] [9] have examined the occurrence of NH blocking into the early part of the 21st century. Firstly, [6] implied that the number of NH Atlantic Region events is increasing, but that the period 1970-1999 was likely a period of low blocking occurrence. Also, [15] reviewed several studies and showed that the Atlantic Region near Greenland has experienced more blocking into the 21st century. These results are corroborated by [7] , who used three different blocking indexes showing an increase in the occurrence of NH-wide blocking during the early 21st century, but that the period covered in [1] represented a relative minimum in the occurrence of blocking. Others, such as [8] and [9] , suggest that the primary location for Atlantic Region block occurrences has changed in recent decades into the early 21st century in association with arctic amplification. For an example of arctic amplification see Barnes et al. [16] . In the SH, [12] found that there were increases in blocking frequency within the Pacific Region (western and eastern), but a decrease in the central Pacific. This study did not examine interdecadal variability, and there is additional observational evidence to suggest that there has been an increase in the occurrence of blocking since 2000 in the Atlantic and Indian sectors as well.
Most of the blocking indexes cited above are one-dimensional (1D), meaning that only the longitude of the block center is located in order to count occurrence frequency. In 2006, [17] extended a commonly used 1D blocking index to two dimensions (2D), which means that the latitude and longitude are identified in order to count occurrence frequency. This study examined blocking in the Euro-Atlantic sector and found that the correlation between the 2D blocking index and Atlantic Region teleconnections corresponded to previously published correlations between 1D blocking indexes and these teleconnections. Then [18] used the [17] blocking index to examine the interannual variability and trends in NH blocking from 1951 to 2010. They found the following results; a) extended the BI of [1] to two dimensions, b) identified the primary blocking regions found by 1D blocking indexes using the [17] 2D index, c) identified strong interannual variability in the primary NH blocking regions, and d) found a strong increase in blocking frequency and intensity over the Atlantic region.
Additionally, [18] identified a shift toward more blocking events into the central Pacific and fewer events over Northern Russia.
Other studies, (e.g., [19] ) have used this 2D blocking index to relate regional blocking to local climate. Another type of 2D index was developed by [20] , which is the area integral of the local gradient representing the region of the blocking system (center and surroundings). This quantity will have units of energy x time and can be summed up through the lifecycle of the blocking event (and then summed up by region and season). They [20] referred to this index as an integral action or intensity index. In the NH, [20] used this index over the same time period as [1] . This work showed the similar results as [1] for block occurrences and intensity in the NH over different seasons and regions, as well as with respect to interannual variations such as ENSO.
Many studies have also examined projections for the future occurrence of blocking (e.g., [7, 15, [21] [22] [23] [24] . Some of these studies projected that the occurrence of blocking may increase in a warmer world [21] , while increasing their duration but weakening. Others have suggested either a decrease [22, 23] or little change [7, 24] in future blocking occurrences far into the 21st century. However, the review published by [15] found that in the balance, NH blocking would become less frequent and persistent, but still play a critical role in the occurrence of extreme warm or cold events as well as drought.
The goal of this work is to make a comprehensive comparison of the global occurrence of blocking since the end of the 20th century to the climatologies of [1] and [5] (1 July 1998-30 June 2018-NH; 1 January 2000-31 December 2018-SH). This work will examine the more comprehensive list of blocking characteristics that the earlier studies examined including BI. This study will also determine if there has been any changes in the trends or interannual variability of any of these variables, as well as the possibility of interdecadal variability in these variables and compare these to [1] and [5] . This work will use primarily the National Centers of Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalyses. This study is unique in that this research group is the only one that defines and examines BI across the globe. BI has been shown also to be related to dynamic quantities such as the 500 hPa height gradients [1], enstrophy, and entropy (e.g., Kolmogorov-Saini Entropy [25] ). Additionally, this work will compare our results for SH blocking into the 21st century to those of [12] where appropriate.
Data and Methods

Data
The data used here were the NCEP/NCAR reanalyses 500 hPa height fields on a 2.5 • latitude by 2.5 • longitude gridded dataset available at 6-h intervals [26, 27] . The 1200 UTC data was used primarily in the calculation of intensity since these data tend to include the most number of observational data. This study also used data archived in [28] , which contains a list of all blocking events since the beginning of the [1] study. The extended period of study here in the NH is from 1 July 1998 to 30 June 2018 (20 additional seasons), while for the SH the period included that from 1 January 2000 to 31 December 2018 (19 additional seasons). These reanalyses were used by [1] and the rationale for the starting dates chosen here is that these dates were the termination dates of the [1] study. The ending dates chosen here correspond to the seasonality defined in [1] . Thus, Section 3 will examine recent blocking activity since approximately the end of the 20th century.
In order to facilitate comparisons to [1] and [5] , the blocking seasons (regions) follow the blocking year (geographic boundaries) established by [1] . In particular, the boreal (austral) summer, fall, winter, and spring in the NH (SH) are July-September (January-March), October-December (April-June), January-March (July-September), and April-June (October-December), respectively. 
Methodology
The blocking criterion and BI used here were established by [1] , and references therein. The definition for ENSO used here is described in [29] and references therein and a short description is given here. The Japanese Meteorological Agency (JMA) ENSO index is available through the Center for Ocean and Atmospheric Prediction Studies (COAPS) from 1868 to present [30] . The JMA classifies ENSO phases using SST within the bounded region of 4 • S to 4 • N, 150 • W to 90 • W, and defines the inception of an ENSO year as 1 October, and its conclusion on 30 September of the next year. This index is widely used in other published works (see [25] and references therein), and a list of years is given in (Table 1) . Also, [31] found that while the JMA index is more sensitive to La Niña events than other definitions, it is less sensitive than other indices to El Niño events. Table 1 . List of ENSO years used here. The years below are taken from [30] . 1969 1968 1967 1972 1977-1981 1970-1971 1976 1983-1985 1973-1975 1982 1989-1990 1988 1986-1987 1992-1996 1998-1999 1991 2000 The Pacific Decadal Oscillation (PDO) positive and negative modes are catalogued also by the Center for Ocean-Atmospheric Prediction Studies (COAPS). The most important impact of the PDO is the interaction with ENSO during certain phases, which creates an either an enhanced effect on temperatures and precipitation variability over the central USA (e.g., [29, [32] [33] [34] ). The characteristics of these modes are less pronounced than those of ENSO due to the 50-to 70-year cycle of PDO [35, 36] . The positive phase of the PDO is recognized as the period from 1977-1998, and the negative phases are recognized as the years 1947-1976 and 1999-2018 .
El Niño Neutral La Niña
The North Atlantic Oscillation (NAO) (e.g., [5, 14] ) is a north-south pressure oscillation in the North Atlantic whose fundamental dynamics are similar to that of the Pacific North American (PNA) pattern (e.g., [37] [38] [39] ) or may be the regional expression of vacillation in the NH flow overall (e.g., [25] ). It is well known that the time series of the daily or monthly NAO index values possess interannual (e.g., [5, 40, 41] ) or interdecadal (e.g., [42, 43] ) modes. The decadal epochs for the NAO used here will be negative for the periods 1951-1972 and 1996-2010 , while the positive epochs were 1972-1995 and 2011-2018. These were derived by examining the three-month running mean NAO index available from [44] , and the earlier transitions agree with the published dates suggested in [42] . Additionally, studies such as [38] and [39] (and references) therein examined the occurrence of blocking in relation to the NAO from a climatological and theoretical point of view.
The Atlantic Multidecadal Oscillation (AMO), similar to the PDO, is a multidecadal basin-wide mode identified in the North Atlantic Region sea surface temperatures (e.g., [45] [46] [47] ) and which has an impact on weather and climate of the Atlantic Region [45] and in other parts of the globe [47] . This phenomenon is quasi-periodic, usually identified as 60-90 years, or about 70 years. The decadal epochs identified for AMO Index are taken to be defined as the cold phase (negative) from the early to mid-1960s to the mid-to late 1990s and the warm phase (positive) from the mid-1990s to the present. Many studies (e.g., [45] ) label the cold phase as ending in 1995, while others use a later date such as 1998 (e.g., [46] ). Here we will use the former date for the discussion of the AMO results, as the results in association with the latter date would be very similar to the results of Section 3. The blocking data will be stratified then by ENSO phase within each phase of the PDO, NAO, and AMO.
Climatology of Blocking in the Early 21st Century
The Northern Hemisphere
The most noteworthy character of blocking at the start of the 21st century (Table 2 ) is the increases in the occurrence, number of blocking days, and durations. In all regions and seasons, the increases and mean number of days are statistically significant at the 95% confidence level, using the Z-score test for means [48] . The Atlantic Region showed the weakest increases, which is consistent with the results of [7] . The large increase in the occurrence and days within Pacific Region Blocking is consistent with the results of [29] who examined boreal spring and summer blocking in this region. Also, [49] and [50] showed a large increase in blocking occurrence for the Eastern Europe and Western Russia region for the boreal spring and summer as well. Additionally, [18] and [38] using the 2D index found an increase in blocking over the Atlantic sector. The former examined all seasons and the latter examined the cold season. Lastly, [5] found 1514 NH blocking events in their 55-year blocking climatology (the late 20th century and very early 21st century), and here there were 1509 events over a 50-year period. Thus, there were approximately 9% more blocking events found here compared to [5] , and this issue will be examined in Section 4. The duration of blocking events was shown to increase, but the increases were not statistically significant across all regions. Only the Pacific Region showed statistically significant increases in duration. An examination by season shows that only the boreal winter blocking events were more persistent, but not at a statistically significant level. This insignificant increase during the winter in the Atlantic is different from those studies that found decreases in the duration of blocking using the 2D index [17] . Their results were generally not statistically significant, except for Eastern Europe and western Russia. This study also examines NAO-related variability, so a more proper comparison can be made in the next section. Only the BI showed a decrease over the first part of the 21st century for the NH. These decreases were significant in the entire NH, as well as for the Atlantic and Continental Region, a result consistent with the study of [38] who used the 2D BI of [17] , while little change in BI was found for the Pacific Region. Seasonally, statistically significant decreases in BI were found during the fall and winter, but BI showed in increase during the summer (but this change was not significant).
The increases across all regions and seasons were surprising; however, as shown above, several studies have examined blocking over more limited regions and seasons and shown similar strong increases. Again, [28, 49] and [50] showed similar increases within the boreal warm season in recent decades. On the other hand, [6, 15] and [18] showed or highlighted blocking increases over the Atlantic for the winter, and [6] showed that blocking occurrences over the same period covered by [1] were associated with a significant minimum. Additionally, [7] showed an increase in blocking since 2000, as shown by the three blocking indexes including the index used here. Taken together, these studies provide supporting evidence that the increases in NH blocking occurrence is likely real. However, whether this change is due to interdecadal variability or climate change will be examined below. Lastly, the mean number of simultaneous blocking days (defined as the number of days with two or more blocking events occurring concurrently in any NH sectors) per year since [1] is 104.2 days, or 28.5% of the year. This represents a large increase over [1] , which found the number of simultaneous blocking days to be approximately 8.7% of the year.
Examining the NH block genesis regions ( Figure 1) shows that since the study of [1] there are more blocking events occurring across the NH in general with the exception of the region surrounding North America. A comparison of the distributions from the late 20th century (Figure 1a) to that of the early 21st century (Figure 1b ) using the chi-square test for similarity [48] shows that the distributions are similar at the 90% confidence level. 235 to that of the early 21st century (Figure 1b ) using the chi-square test for similarity [48] shows that the 236 distributions are similar at the 90% confidence level. 
241
Examining blocking in the SH (Table 3) 
The Southern Hemisphere
Examining blocking in the SH (Table 3 ) and comparing with the work of [1] shows similar increases in block occurrence to the NH above. The weakest increases in the number of events and blocking days occurred within the Pacific Region, and unlike the NH this region is the predominant blocking region accounting for about three-quarters of all events when counting the number of blocking events and blocking days. The increases are consistent with [12] although their study included more events (durations greater than three days) for only the austral winter. Their increases were found using linear trends over their entire 53-year period, and those may not reflect the strong increases shown since the late 1990s minimum [1] . This issue will be examined in Section 4.
For SH block durations, there was a significant increase in Pacific Region events and overall ( Table 3 ). The seasonal durations were significantly greater in all seasons with the exception of the austral summer. The SH duration increases overall were weaker than their NH counterparts, but still some of these statistically significant at the 95% confidence level. Only BI showed no significant change in the SH overall. However, Pacific Region blocking was significantly stronger since 2000, while blocking in the other two sectors was significantly weaker. BI showed statistically significant increases during the austral summer, but significant decreases during the spring. Lastly, the number of simultaneous blocking days per year since [1] in the SH is 16.4 days per year (4.5%), which is higher than the 1.5% found by [1] . This result is similar to the NH increase in simultaneous blocking days and the result will be discussed more below. Like the NH, SH block genesis regions did not change appreciably in the early 21st century versus those of the late 20th century (Figure 2 ). The distribution for block genesis in the late 20th century (Figure 1a ) compared with the block genesis regions for the early 21st century were similar at the 99% confidence level, a result stronger than that for the NH. In concert with Table 3 , there were increases in blocking across the entire SH, and the main genesis region for the late 20th century was roughly 140 • E to 120 • W, while for the early 21st century the corresponding region is located about 10 • west of that for the late 20th century. Finally, [1] found no correlation between block duration and BI, however since 2000, the correlation was 0.11, which is significant at the 95% confidence level.
Discussion: Interannual and Interdecadal Variability
In this section, the change in ENSO variability as well as PDO, NAO, and AMO variability is examined. ENSO variability in blocking is well established in general, and changes in this variability associated with longer-term cycles will be the focus here. In order to accomplish the latter, the data from [1] and the post-[1] years will be reanalyzed by stratifying the blocking years using the PDO epochs defined in Section 2.2. Coincidentally, a change in phase of the PDO and AMO occurred near the end of the epoch from [1], thus it might be reasonable to assume that the recent increases in blocking are related to either the change in the phase of the PDO or AMO, or to a warmer climate. It is conceded here that the period of study is not long enough to have a clear view of multidecadal variations of blocking or whether the long-term trends are due to natural variations or anthropogenic forcing. The work of [15] suggests that both these issues are still outstanding challenges in studies of blocking climatologies. Nonetheless, the results here agree with more limited of regional studies such as [6] or [7] . Additionally, the increases in blocking found here and in the many references cited above, as of yet conflict with the suggested future occurrence of blocking by models, which generally project decreases in blocking for the end of the 21st century [15] . longer-term variability suggested by [6] and [7] . Also, the late 1980s to mid-1990s minimum in the 
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( Figure 4) . Thus, the spectral analysis supports the assertion that an interdecadal signal in both 307 hemispheres is present. However, further analysis is needed for positive attribution. Figure 3 shows the trends for the NH and SH blocking overall. The linear trend line shows a statistically significant upward trend in block occurrences when tested using analysis of variance (ANOVA) techniques (F-test) [48] . Each of the subregions shows a similar trend. This differs from [1] who showed a slight downward trend in the NH and a statistically significant downward trend for the SH for the late 20th century. In [1], the period of analysis began during a negative PDO epoch and ended near the termination of the late 20th century PDO epoch. Thus, the trends shown in [1] may be a function of the starting and ending points in their analysis. A comparison of the results found here to those shown in [1] would demonstrate that this sensitivity in trends could also be a function of region, season, or characteristic. This can be shown by examining Tables 2 and 3 that show differing trends for variables like duration and intensity or comparing these results to [38] . Also, for block occurrence, a comparison of these results to those of [1] (their Figures 4 and 5) show very different trends regionally in both hemispheres over different analysis periods.
The Northern Hemisphere
If there is longer term decadal variability present, this would be revealed through the longer dataset. Thus, a quadratic regression line is fitted to Figure 3 . Both the NH and SH suggest the downward trend for block occurrences in the late 20th century found by [1] and the sharper upward trend found in the earlier 21st century suggested in Section 3. The quadratic curves resemble the longer-term variability suggested by [6] and [7] . Also, the late 1980s to mid-1990s minimum in the blocking time series coincide with the positive phases of the PDO (1977-1998) and NAO (1973 NAO ( -1995 , and the negative phase of the AMO (1968 AMO ( -1995 , which showed considerable overlap. While this analysis alone cannot confirm interdecadal variability in the occurrence of blocking, a spectral analysis of the detrended time series shows significant interdecadal variability in both hemispheres (Figure 4) . Thus, the spectral analysis supports the assertion that an interdecadal signal in both hemispheres is present. However, further analysis is needed for positive attribution. 
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The results of stratifying the blocking characteristics in order to reveal interannual and 312 interdecadal in NH blocking events can be elicited from Table 4 and Appendix A. The results here 313 are tested for statistically significant differences between the phases of interdecadal modes (positive 314 versus negative- Table 4 and Appendix A) as well as the interannual variability within each phase
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( Table 4 ). The results show that the total number of blocking events, days, and durations were higher 316 for the negative phase of both the PDO and NAO but the positive phase of the AMO (significant at 317 the 90% confidence level or higher). However, for all three oscillations, the BI indicated weaker events
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(negative PDO, NAO, positive AMO) these were significant (at the 90% confidence level) for the NAO 
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Additionally, during the positive PDO ( The results of stratifying the blocking characteristics in order to reveal interannual and interdecadal in NH blocking events can be elicited from Table 4 and Appendix A. The results here are tested for statistically significant differences between the phases of interdecadal modes (positive versus negative- Table 4 and Appendix A) as well as the interannual variability within each phase ( Table 4 ). The results show that the total number of blocking events, days, and durations were higher for the negative phase of both the PDO and NAO but the positive phase of the AMO (significant at the 90% confidence level or higher). However, for all three oscillations, the BI indicated weaker events (negative PDO, NAO, positive AMO) these were significant (at the 90% confidence level) for the NAO only. These results are similar to the occurrence and intensity of blocking following the [1] study in Section 3 above.
Additionally, during the positive PDO (Table 4) , the ENSO variability matched that of [1], which implied that blocking events during La Niña years were associated with more blocking events and days and which were slightly stronger. These ENSO related differences were significant at the 90% confidence level for each characteristic except for intensity. However, during the positive NAO phase (Appendix A) there were more blocking events and days during El Niño years, but which were stronger during La Niña years. Here, only the blocking days and intensity showed significant differences at the 90% confidence level. For the negative AMO (Appendix A), there were more events during La Nina years and these events were stronger, but neither of these variables were different at standard levels of significance. Note also that all 10 of the most persistent events occurred since the study of [1] (Appendix B), while only one of these blocking events were among the top 10 strongest (Appendix C). Then during the negative PDO phase (Table 4 ) the ENSO variability was the opposite of the positive phase in that El Niño years were associated with the greater number of blocking events, days, and slightly stronger. These ENSO differences were also significant at the 90% confidence level or higher. This demonstrates that the character of NH blocking ENSO variability changed with a change in the phase of the PDO. The work of [5] showed little ENSO related variability for blocking in their study. However, if the overall set of years (50) for NH blocking character were examined, there would be little ENSO variability overall as in [5] . Nonetheless, the change in in character of blocking as associated with ENSO variability with the phase of the PDO would be consistent with similar behavior of other phenomenon such as tropical cyclone character [51] . For the negative phase of the NAO (Appendix A), the ENSO variability was similar to that of the positive NAO except that there was no longer any variability in BI. There was no ENSO related variability of significance to report for the positive AMO.
In order to determine which regions or seasons were associated with a greater degree of interannual or interdecadal variability, the blocking data were stratified by region (Table 5 and Appendix A) and season (Table 6 and Appendix A). Examining Table 5 , it is clear that during the positive PDO, the relatively less frequent occurrence of blocking during El Niño years was largely due to fewer events in the Continental and Pacific Regions, while Atlantic Region events were less persistent. Pacific region blocking events were much weaker during El Niño years as well. The seasonal differences (Table 6 ) were reflected by fewer El Niño year blocking events occurring during the all boreal seasons except the fall, while the differences in BI were accounted for by weaker events during El Niño fall and winter.
During the positive NAO (Appendix A), the greater frequency of El Niño year NH blocking is largely reflected by the more frequent occurrences and persistence of Atlantic and Continental Region events, but blocking was more persistent in the Pacific as well. Also, blocking was more frequent during the boreal summer and fall, and more persistent in all seasons except summer. The Atlantic and Pacific Region events were weaker during these years, as well as during the fall and winter (Appendix A). For the negative AMO, the stronger and larger number of blocking events were due mainly to the differences for these variables in the Atlantic and Pacific Regions, and during the winter and spring.
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days, and slightly stronger. These ENSO differences were also significant at the 90% confidence level 338 or higher. This demonstrates that the character of NH blocking ENSO variability changed with a 339 change in the phase of the PDO. The work of [5] showed little ENSO related variability for blocking 340 in their study. However, if the overall set of years (50) for NH blocking character were examined,
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The dotted line is the 95% confidence level assuming a white noise spectrum, while the green dashed 366 line assumes a red noise spectrum (see [52] ). The abscissa is cycles per decade and the ordinate is 367 spectral power.
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During the negative phase of the PDO, ENSO variability was spread more uniformly throughout 369 each region of the NH (Table 5 ) and each boreal season ( Table 6 ). Given that there was little BI 370 variability overall (Table 4) , the regional and seasonal BIs varied more erratically. For the negative 371 phase of the NAO (Appendix A), the greater occurrence of blocking during El Niño years was most The dotted line is the 95% confidence level assuming a white noise spectrum, while the green dashed line assumes a red noise spectrum (see [52] ). The abscissa is cycles per decade and the ordinate is spectral power.
During the negative phase of the PDO, ENSO variability was spread more uniformly throughout each region of the NH (Table 5 ) and each boreal season ( Table 6 ). Given that there was little BI variability overall (Table 4) , the regional and seasonal BIs varied more erratically. For the negative phase of the NAO (Appendix A), the greater occurrence of blocking during El Niño years was most notable in the Atlantic and Pacific Regions and during all seasons expect the spring. The BI showed similar variability in the Atlantic and Pacific as well, but only during the fall did the variability match that of the total BI variability.
Lastly, a comparison of NAO related variability found here for the Atlantic and Continental region for the cold season was compared to the results of [38] (Tables A1 and A2 ). Our results showed that the occurrence and duration of blocking was higher in the Atlantic Region, while BI showed weaker events. The duration results are different from [38] , but cover all seasons here. A comparison of winter results only showed a similar difference in duration, but the results cover all regions here. It was not immediately clear why the duration in our study showed an increase compared to the decrease in [38] . Table 6 . As in Table 5 , except the NH blocking events were separated by season (Su/F/W/Sp).
+ PDO Occurrence Duration Days Intensity
The Southern Hemisphere
In the SH, as in the NH, the occurrence and persistence blocking was greater during the negative PDO (Table 7 ) and the positive AMO phases (not shown), and these results are significant at the 90% confidence level or higher using a Z-score test of the means. However, for both of these epochs, there was no difference in the BI. The mean number of SH blocking events during the positive and negative phases of the AMO was 14 and 10, respectively. In this part of the world, however, the ENSO variability did not change across the phase of the PDO or the AMO. During both PDO epochs, blocking occurred more often, was more persistent and more intense during El Niño and Neutral years as compared to La Niña years. The ENSO variability within each interdecadal mode was also significant for blocking occurrence at the 95% confidence level. The greater frequency and persistence of block occurrences in the SH compares favorably with the results of [12] , in spite of the different blocking criterion used. The study of [12] did not examine interdecadal variability in SH blocking, only the interannual variability. The ENSO related variability during each phase of the AMO was similar to that of the PDO (not shown). There was no statistically significant NAO related variability found in any SH blocking characteristic (not shown). Finally, seven of the longest lived (Appendix B) and six of the strongest (Appendix C) blocking events have occurred since 2000.
In the SH, the Pacific Region and the austral fall and winter (Table 3) are by far the dominant region and seasons for the occurrence of blocking. It is therefore prudent to stratify the characteristics of blocking by region (Table 8 ) and season (Table 9 ). Thus, it is expected that the Pacific Region and fall and winter ENSO and PDO variability would be close to that of the overall variability found in Table 7 , which is the case here. Additionally, the Indian Ocean Region blocking events also reflect the overall interannual and interdecadal variability. Table 9 . As in Table 6 , except for SH blocking events. The proportion of East Pacific blocking versus West Pacific blocking was examined in [12] and [53] . They [12] show that West Pacific blocking is more frequent than East Pacific blocking and both showed weak upward trends. Central Pacific blocking was decreasing in [12] . Then [53] defined the West Pacific (East Pacific) blocking regions as 130 • E to 160 • W (160 • W to 60 • W). Their [53] preliminary investigation showed that approximately 36% of Pacific Region blocking occurred in the East Pacific, and that this did not change appreciably with time of with respect to the PDO, and this result agrees with [12] . However, there was a reversal in the proportion of East Pacific blocking occurrences when compared to those of the west Pacific Region. During the positive PDO phase there were a larger fraction of the East Pacific Region blocking during La Niña and Neutral years, while the opposite was true during the negative PDO epoch (La Niña years showed the smallest fraction of East Pacific blocking). Also, a preliminary investigation shows the duration of East Pacific blocking events have a similar duration, but that the intensity of East Pacific blocking events is significantly greater. Additionally, the Pacific South American pattern (PSA-e.g., [54] [55] [56] [57] [58] ), which is analogous to the PNA in the NH, can impact the occurrence of blocking and is modulated by ENSO. PSA-1 (PSA-2) would favor blocking in the west (central and east) Pacific, showing positive height anomalies in the midlatitudes with negative height anomalies equatorward. Then, for example, [58] demonstrates that there is significant variability in the PSA as related to ENSO (see their Figures 5 and 6 ) and this agrees with our results here.
+ PDO
The work of [1] speculated that the greater occurrence of simultaneous blocking events in the NH versus those in the SH was due to the greater number of occurrence of blocking since previous work [59] demonstrated that the occurrence of blocking was caused local synoptic processes rather than hemisphere-wide planetary-scale processes. Also, [11] suggested that SH blocking was more the result of the superposition of favorable synoptic and planetary-scale dynamics, while the interactions were greater and mutually synergistic in the NH.
The results here are similar since the fewest number of blocking events occurred during the SH positive PDO epoch as well as the fewest number of simultaneous days. The opposite was true in that the largest number of simultaneous blocking days occurred during the NH negative PDO epoch, which showed the largest number of blocking occurrences. The correlation coefficient between the number of simultaneous blocking days and the number of events was 0.89 for the entire 50-year NH time series, and 0.77 for the 49-year SH time series. Both results are statistically significant at the 99% confidence level, and support the idea that the occurrence of more blocking events increases the likelihood of simultaneously occurring events.
Summary and Conclusions
This study examined the occurrence of blocking over the entire globe since the study of [1] (into the early 21st century up to the end of 2018), and included such characteristics as occurrence, duration, blocking days, block intensity (BI), and the number of simultaneous blocking days. The dataset used was the four times daily NCEP/NCAR reanalyses of 500 hPa heights and the archive of blocking events are found at [28] . In order to facilitate a comparison of this study with [1], the blocking criterion used, as well as the region and seasonal definitions, were used here. Then, the long-term trends as well as interannual and interdecadal variability were examined, and the new results are discussed below.
This study showed statistically significant increases in block occurrences and days since the end of the 20th century in both hemispheres. In the NH, the block duration increased but not significantly, but there was a statistically significant decrease in BI. In the SH, the block duration was significantly larger and there was little change in the BI. In the NH, the increases found here were consistent with the results of others [6, 7, 29, 38, 49] who examined 'partial' climatologies of certain regions during certain seasons. These results were also consistent with the results of blocking climatologies using 2D indexes, especially for the Atlantic Region [18, 38] . Differences in duration were noted only when comparing with the Atlantic Region winter results of [38] . The work of [6] implied that the period 1970-1999 showed a relative minimum in Atlantic Region boreal winter blocking, and [43] discusses work that shows Atlantic Region blocking on the increase in the early 21st century. Then [12] showed that SH block occurrences have increased across most of the SH, but they used a less strict definition of blocking. Thus, there is strong evidence to support the results here. In the SH, the increases in Pacific Region blocking were not as strong as their NH counterparts.
Separating the occurrence of blocking by phase of ENSO and PDO, NAO, or AMO showed that the in the NH, the positive PDO epoch was associated with interannual variability in the occurrence, duration, and BI similar to that found in [1] as expected. During the negative PDO epoch, which included recent years, the interannual variability in block occurrence was opposite that of the positive PDO epoch, with the exception of BI, which showed little ENSO related variability. The ENSO related variability in block occurrence was found primarily in the Pacific and Continental Regions during both phases of the PDO, but during all boreal seasons. The exceptions were that there was no clear signal in the BI, and Atlantic Region blocking followed the total interannual variability in the negative PDO phase.
With respect to the NAO, there were more blocking events during the negative phase across the NH, but the ENSO related interannual variability was similar in each phase in that there were more blocking events during El Niño years. La Niña blocking was stronger during the positive phase of the NAO, which is a similar result to that of the positive phase of the PDO. NAO-related interannual variability was found primarily in the Atlantic Region as expected, but in the Continental Region during the positive NAO and in the Pacific Region during the negative NAO. Additionally, the results here could not differentiate between the North Atlantic versus Europe for the NAO as in [38] or [39] . Both of the [38] subregions fall within the Atlantic Region as defined here (see [38] for more details).
During the positive AMO, there were more blocking events of stronger duration but weaker than those events during the negative phase of the AMO. This result is similar to comparing the results of Section 3 to those of [1]. This should not be a surprising result since the period of study for [1] was dominated by the negative AMO and the early 21st century by the positive AMO.
In the SH, blocking was more abundant and more persistent, but of similar intensity, during the negative phase of the PDO and the positive AMO. However, the interannual variability was the same for each phase of the PDO and AMO, in spite of the increases in occurrence, duration, and days. The interannual variability during AMO phases was statistically significant as it was for the PDO. There was no statistically significant NAO related variability in the SH. In the SH, the interdecadal and interannual variability was most apparent in the Pacific Region and during the austral fall and winter. Within the Pacific Region, a preliminary study shows that the relative occurrence of East Pacific blocking was greater in La Niña and Neutral years than during El Niño years during the positive PDO epoch. The opposite occurred during the negative PDO phase. Finally, an examination of the occurrence of simultaneous blocking events demonstrated that the greater frequency in blocking occurrence correlated highly with the occurrence of multiple blocking events, supporting the conjecture of [1]. 
